MAP-PACE (MAgnetic field and Plasma experiment -Plasma energy Angle and Composition Experiment) is one of the scientific instruments onboard the KAGUYA (SELENE) satellite. PACE consists of 4 sensors: ESA (Electron Spectrum Analyzer)-S1, ESA-S2, IMA (Ion Mass Analyzer), and IEA (Ion Energy Analyzer). ESA-S1 and S2 measure the distribution function of low energy electrons below 15keV, while IMA and IEA measure the distribution function of mass identified low energy ions below 28keV/q. Since KAGUYA is a three-axis stabilized spacecraft, a pair of electron sensors (ESA-S1 and S2) and a pair of ion sensors (IMA and IEA) are necessary for obtaining three-dimensional distribution function of electrons and ions. Low energy ion measurements on the lunar orbit have been realized more than 30 years after the Apollo period. In addition, nobody has ever measured the mass identified three-dimensional distribution function of low energy ions at 100km altitude. PACE discovered surprisingly active low energy ion environment around the Moon. Instead of being absorbed by the lunar surface, quite a large amount of solar wind ions are reflected back from the Moon. The reflected solar wind ions are accelerated above solar wind energy picked up by the electric field in the solar wind.
Introduction
Low energy charged particles around the Moon were vigorously observed by Moon orbiting satellites and plasma instrumentation placed on the lunar surface in 1960s and 1970s. Many new discoveries concerning the lunar plasma environment were made during the period. Though there were some satellites that explored the Moon afterwards, most of them were dedicated to the global mapping of the lunar surface. Except the low energy electron measurement by Lunar Prospector , the lunar wake plasma data obtained by WIND during its Moon fly-by , and reports on remote detection of the lunar ions and electrons there has been almost no new information about the low energy charged particles around the Moon.
KAGUYA is a Japanese lunar orbiter that studies the origin and evolution of the Moon by means of global mapping of element abundances, mineralogical composition, and surface geographical mapping from 100km altitude. KAGUYA was successfully launched on 14 September 2007 by HIIA launch vehicle from Tanegashima Space Center in Japan. KAGUYA was inserted into a circular lunar polar orbit of 100km altitude and started continuous observation in mid-December. One of the fourteen science instruments MAP-PACE (MAgnetic field and Plasma experiment -Plasma energy Angle and Composition Experiment) was developed for the comprehensive three-dimensional plasma measurement around the Moon 5) .
Science Objectives of MAP-PACE
The scientific objectives of MAP-PACE are 1) to measure the ions sputtered from the lunar surface and the lunar atmosphere, 2) to measure the magnetic anomaly on the lunar surface using two ESAs and a magnetometer onboard KAGUYA simultaneously as an electron reflectometer, 3) to resolve the Moon -solar wind interaction, 4) to resolve the Moon -Earth's magnetosphere interaction, and 5) to observe the Earth's magnetotail. The research of the lunar atmosphere and lunar surface material is one of the most important aims of MAP-PACE. The rarefied atmosphere is thought to be produced mainly by solar photons and the solar wind. Detection of the magnetic anomaly on the lunar surface is another important aim of MAP-PACE. MAP-PACE-ESA sensors will survey the remnant magnetic field on almost all the lunar surface with high spatial resolution.
Instrumentation

ESA-S1 and ESA-S2
The ESA (Electron Spectrum Analyzer) sensor basically utilizes a method of a top hat electrostatic analyzer with angular scanning deflectors at the entrance and toroidal electrodes inside (see Figure 1 ). The FOV(Field Of View) is electrically scanned between +-45 degrees around the center of the FOV that is 45 degrees inclined from the axis of symmetry. With two ESA sensors that are installed on the +Z (ESA-S1: looking down the lunar surface) and -Z (ESA-S2: looking against the lunar surface) panels of the spacecraft, the three-dimensional electron distribution function is observed. The curved upper and lower angular deflectors are supplied with high voltage which are swept between 0V and +4kV. The inner toroidal electrode is also supplied with high voltage swept between 0V and +3kV simultaneously with the angular scanning deflectors. The electrons coming through the angular scanning deflectors are attracted down toward the inner electrode by the action of the applied potential. Only the electrons with specific energy range can further travel down to the exit of the electrodes. We also placed a slit and a grid, supplied with slightly negative voltage (-2.5V to -10V), to reflect the secondary electrons that give spurious counts. The electrons passing through the electrode enter to Micro-Channel Plate (MCP) and are intensified to detectable charge pulses. Finally, the charge pulses are received by one-dimensional circular resistive anode. The positions where the charge pulses are detected correspond to the incident azimuthal directions of the electrons. Table  1 and Table 2 summarize the specifications of ESA-S1 and ESA-S2 respectively. Since the gap between the toroidal deflectors of ESA-S1 is larger than that of ESA-S2, the maximum energy and energy resolution of ESA-S1 is lower than ESA-S2 while the g-factor of ESA-S1 is larger than ESA-S2.
IMA and IEA
The IMA (Ion Mass Analyzer) sensor consists of an energy analyzer that has the similar structure as the ESA sensors and an LEF (Linear Electric Field) TOF (Time Of Flight) ion mass analyzer (see Figure 2 ). The IEA (Ion Energy Analyzer) sensor consists of only an energy analyzer that is the same as the energy analyzer of IMA (see Figure 3 ). IMA is installed on the +Z (looking down the lunar surface) panel while IEA is installed on the -Z (looking against the lunar surface) panel. The curved upper and lower angular deflectors of the energy analyzer are supplied with high voltage which are swept between 0V and +5kV. The inner spherical electrode is also supplied with high voltage swept between 0V and -4kV simultaneously with the angular scanning deflectors. Between the spherical electrode and the angular deflectors, there exist a pair of electrodes that serve as sensitivity control electrodes. Since the flux of the solar wind ions and the lunar-origin ions differs significantly, the sensitivity of the energy analyzer should be reduced continuously to about 1/100 for the solar wind ion observation. The ions transmitted through the energy analyzer of IEA are detected by MCP with one-dimensional circular resistive anode. The ions transmitted through the energy analyzer of IMA are post accelerated by -15kV and enter into the LEF TOF mass analyzer part. Thin carbon foil (0.5µg/cm 2 ) is placed at the entrance of the LEF TOF mass analyzer, which generates start electrons when ions pass through the carbon foil. The start electrons are accelerated by the electric field inside the mass analyzer and their positions are detected by one-dimensional circular resistive anode that is placed behind the MCP. These start electrons also where L is the flight path length of the neutral particles, and V acc is the post acceleration voltage. Some of the incident ions enter the time-of-flight section as ions. These ions are reflected by the linear electric field whose intensity is proportional to the distance from the entrance point. The reflected ions generate secondary electrons when they collide with the top part of the mass analyzer. These electrons are accelerated and detected by the center anode, which generate stop signals. The relation between the time of flight t and the mass/charge m/q for ions is expressed as m/q = t 2 /π 2 a, where a is the linear electric field gradient. Since time of flight of the reflected ions is proportional to the square root of the ion mass, the mass of the incident ions can be determined precisely without being affected by the angular scattering and the energy degradation caused by the ion passage in the carbon foil . For the ions, the time-of-flight section of IMA acts as the so-called ''isochronous time-of-flight''. With this design of LEF-TOF mass spectrometer, the center anode detects both neutrals (direct time-of-flight) and secondary electrons from the top part of the mass analyzer, generated by ions (isochronous time-of-flight). We have measured time profile of several ion species by injecting those ions into IMA. Each ion species has its own characteristic TOF profile including neutral peak, ion peak and/or negative ion peak . Since some of these TOF profile overlap with each other, we will have to use a deconvolution tool made by using calibration data of TOF profiles in order to determine the mass of measured ions if a number of species exist simultaneously . Table 3 and Table 4 summarize the specifications of IMA and IEA respectively. 
Lunar Plasma Measurement
After the successful functional check of the low voltage part of MAP-PACE, high voltage power supplies were turned on. The applied high voltage was gradually raised to the observation level. Since MAP-PACE has nearly 20 channels of high voltage, it took almost one week to test all the high voltage power supplies.
Since the start of continuous operation of MAP-PACE on 14 December 2007, MAP-PACE has been observing plasma around the Moon. Electron Sensors (ESA-S1 and S2) have been measuring solar wind electrons, electrons in the wake region of the Moon and electrons in the Earth's magnetosphere. Ion Energy Analyzer (IEA) has been measuring solar wind ions and ions in the Earth's magnetosphere. Though the operation period of IMA as a mass spectrometer was limited to several hours/day during the commissioning period, IMA discovered the existence of alkali ions generated in the lunar surface or lunar atmosphere. Figure 4 is an example of an omni-directional E-t diagram (energy-time diagram: horizontal axis is time and vertical axis is energy, count data are shown by color code) observed by MAP-PACE on 26 March 2008 when the Moon was in the solar wind. As it can be clearly seen from the E-t diagram, MAP-PACE observed solar wind protons and alpha particles in the solar wind side of the Moon. When KAGUYA entered the lunar wake region every two hours, the Moon blocked solar wind, and tenuous wake plasma was observed. Solar wind ions were mainly detected by IEA (see the third panel of Figure 4 ). However, IMA also detected solar wind ions (see the forth panel in Figure 4 ) during the short time period before KAGUYA entered the lunar wake and after KAGUYA exited the lunar wake. This "switching" of the solar wind detection between the two ion sensors is caused by the configuration of the two ion sensors that is schematically shown in Figure 5 .
IEA and IMA have a function to change their geometrical factor electrically. Currently only IEA uses this function to reduce its sensitivity down to ~1/50 since IEA has to measure solar wind protons without saturation.
On the other hand, IMA is operated with maximum sensitivity in order to detect tenuous lunar ions including alkali ions around the Moon. The E-t diagram of IEA shown in Figure 4 (see the third panel) is made taking into account the geometrical factor reduction below ~2.5keV/q. A boundary seen in the background of IEA E-t diagram around ~2.5keV/q is artificially made by multiplying the geometrical factor reduction factor of 50 to the observed IEA count data. Since the electrical sensitivity control of IEA functions quite well, MAP-PACE-IEA has succeeded in measuring intense solar wind proton flux without any saturation while detecting tenuous high energy ions above ~2.5keV/q.
One of the most important features of the low energy ion distribution around the Moon that MAP-PACE has newly discovered is seen in the E-t diagram of IMA (the bottom panel in Figure 4 ). While IEA measured solar wind ions, IMA measured ions with slightly lower energy than the main component of the solar wind ions. The flowing direction of these ions is consistent with a model that these ions are "reflected" solar wind ions by the lunar surface. The amount of the reflected solar wind was about 0.1%~1% of the incident solar wind ions. 
Conclusion
One of the scientific instruments on KAGUYA, MAP-PACE, is measuring three-dimensional distribution function of low energy ions and electrons at 100km altitude around the Moon. During the commissioning period, IMA discovered alkali ions generated in the lunar surface or lunar atmosphere. MAP-PACE ion sensors also discovered the existence of "reflected" solar wind ions contrary to our expectations that solar wind ions colliding with the Moon should be absorbed by the lunar surface. Since nobody has ever measured the mass identified three-dimensional distribution function of low energy ions at 100km altitude around the Moon, it is expected that many unresolved problems concerning the lunar plasma environment will be elucidated by the MAP-PACE observation.
